INTRODUCTION
It is well established that foodborne diseases cause significant economic and social losses. In the United States, there are estimates that foodborne diseases account for millions of illnesses, hundreds of thousands of hospitalizations, and thousands of deaths each year (Mead et al., 1999) . Many of the agents responsible for foodborne disease have only recently been recognized (Tauxe, 1997) . Well-publicized foodborne disease outbreaks have created widespread consumer awareness of potential threats to human health from food (Anonymous, 1985 (Anonymous, , 1993 (Anonymous, , 1998 . Modern communication systems have enhanced consumer awareness of outbreaks occurring throughout the world and have reduced the sense of safety associated with distance. Geographical barriers to the spread of disease have been reduced by the globalization of food systems and by the frequent movement of people and animals. Consumer confidence in existing food handling and processing systems has been reduced by the emergence of transmissible spongiform encephalopathies associated with animal products (Boor et al., 2001; Brown et al., 2001) . The potential for additional animal or human pathogens to survive current food processing methods (such as pasteurization) is an area of ongoing research (Stabel, 2000 (Stabel, , 2001 Harris and Lammerding, 2001; Pearce et al., 2001; Grant et al., 2002) .
The dairy industry has been extremely successful in producing safe and nutritious products. Milk is a highly nutritious food that is ideally suited for growth of pathogenic organisms. Consumption of raw milk remains a well-identified risk factor for foodborne disease, but pasteurization has been highly effective in ensuring the safety of dairy products (Headrick et al., 1998) . Even though dairy products are consumed on a daily basis, milk, ice cream, and cheese have been identified as the vehicle for less than 1.5% of all foodborne disease outbreaks investigated by the Centers for Disease Control (Bean et al., 1996) . In cases involving pasteurized dairy products, errors in the pasteurization process or RUEGG E2 the addition of nonpasteurized eggs have frequently been identified as the route of contamination (Ryan and Nickels, 1987) .
Potential threats to human health related to the dairy industry include errors during pasteurization, consumption of raw milk products, contamination of milk products by heat-resistant pathogens, chemical adulteration of milk, and foodborne disease transmission by market dairy cows. An additional concern is transmission of zoonotic pathogens to farm workers and visitors. The role of antibiotics used in animal agriculture in the development of antimicrobial resistance is controversial and increasingly scrutinized (Piddock, 1998; Khan et al., 2000; White et al., 2001 ). Most dairy farmers feel responsible for the safety of milk and beef that originate on their farms, but linkage between farm production practices and the quality of processed products have been weak (Payne et al., 1999) . The safety of dairy products can be enhanced by adoption of a number of management practices. The objective of this paper is to outline practical interventions that can enhance the safety of dairy products and dairy farm environments.
SCOPE OF DAIRY FOOD SAFETY ISSUES
Healthy dairy cattle are considered a reservoir for several of the most important foodborne human disease pathogens (Tauxe, 1997) . Nontyphoidal Salmonella spp., and Campylobacter jejuni are considered important threats to food safety because of the enormous number of illnesses they cause. Listeria monocytogenes and Escherichia coli O157:H7 are priority pathogens because of the severity of symptoms associated with infection and because of the number of deaths that occur in infected people. All of these pathogens are shed in cattle feces and can contaminate dairy farm premises including unpasteurized bulk tank milk (Table 1) . In some instances, colonization of the udder can also contribute to contamination of bulk milk supplies. Salmonella spp., are an infrequent cause of mastitis in dairy cows but several species of Salmonella have been documented to colonize udders and shed at levels of up to 2000 organism/ml (Fontaine et al., 1980) . Listeria monocytogenes has been reported to cause mastitis and can be shed in milk. A study that examined >500 isolates of milk obtained from coliform mastitis cases was not able to isolate O157:H7 from any of the samples and E. coli O157:H7 has not been recognized as a cause of mastitis (Cullor, 1997a) . C. jejuni can be shed in milk, but fecal contamination of milk is a more likely route of exposure. When regulatory standards for bacterial counts in raw milk are met, pasteurization of milk is highly effective in destroying all of these organisms.
SYMPOSIUM: DAIRY FOOD SAFETY INTERVENTIONS E3
There are three primary routes of potential exposure of humans to these bacteria and other potential threats to human safety associated with the dairy industry: 1) ingestion of contaminated raw milk, 2) contact with beef contaminated with feces, and 3) direct contact with infected animals. Ingestion of raw milk is a high-risk behavior that is reported by a small proportion (<2%) of the overall US population but can be a significant risk factor for specific subpopulations (Yang et al., 1998) . Consumption of raw milk or raw milk products occurs frequently in dairy farm workers (Rohrbach et al., 1992) and in some ethnic communities (Reed and Grivetti, 2000) . Fecal contamination of carcasses of market dairy cattle combined with consumption of undercooked hamburger is a known source of exposure for E. coli O157:H7 and several other pathogens, and some of the most deadly disease outbreaks have been associated with this route of exposure. Direct or indirect contact with infected animals is also a known risk factor for a number of zoonotic diseases. Contact with farm environment, living in an area in proximity to livestock farms, and living in an area where manure is applied to farm land have all been identified as significant risk factors for E. coli O157:H7 (O'Brien et al., 2001; Valcour et al., 2002) . The common characteristic of these potential routes of exposure is the presence of fecal contamination, and it is intuitive that the reduction of fecal contamination of food products should be a primary objective of food safety programs.
POTENTIAL CONTROL POINTS FOR DAIRY FOOD SAFETY
There is ample evidence that microbial contamination of milk can be controlled by the use of standardized best management practices. Mastitis control programs focusing on hygienic harvest of milk have been widely adopted for at least 50 yr. Worldwide, farmers have achieved tremendous success in reducing the incidence of contagious mastitis by adopting the five basic principles of mastitis control: postmilking teat disinfection, universal dry cow antibiotic therapy, appropriate treatment of clinical cases, culling of chronically infected cows, and regular milking machine maintenance. Contagious bacteria, such as Staphylococcus aureus and Streptococcus agalactia, are now responsible for less than one-third of all mastitis cases compared with >75% of all cases 20 yr ago (Hillerton et al., 1995) .
While most aspects of the five-point mastitis control plan have been widely adopted, many other best management practices are not widely used. Routine recording of illnesses and treatments, written standard operating procedures, routine surveillance programs that involve repeated diagnostic tests (such as microbioJournal of Dairy Science Vol. 86, E. Suppl., 2003 logical testing of bulk tank milk) and participation in quality assurance programs have not been widely adopted across the dairy industry (Barkema et al., 1998; Wilson et al., 1998; Ruegg, 2001) . Compelling reasons to adopt these practices, such as obvious financial rewards, regulatory oversight or recognizable efficacy and benefit to the farmer, are lacking. Adoption of practices to ensure food safety will face similar challenges.
From HACCP to Hurdles
Hazard analysis critical control point (HACCP) programs at the farm-level have been promoted as the key to assuring dairy farm food safety (Cullor, 1997b; Reneau et al., 1998) . While HACCP programs are routinely implemented in food-processing plants, there are several aspects of HACCP that make widespread adoption on dairy farms unlikely. HACCP programs require critical multidisciplinary review of existing management processes, the establishment of limits via identification of critical control points, the use of routine surveillance procedures, effective record keeping, and documentation of standard processes. The technology to carry out on-farm HACCP programs is further limited by inadequacies and costs of existing testing methodologies (Gardner, 1997) . These limitations have led some to abandon farm-level HACCP programs in favor of alternative approaches such as "Hurdle Technology" (Heggum, 2001) .
Hurdle technology refers to the application of a combination of selected "hurdles" to microbiological growth combined with processing steps that maintain and improve the microbial stability and sensory quality of foods (Leistner, 2000; Heggum, 2001) . Hurdles commonly used in food processing are directed at reducing growth of microorganisms present on harvested food products and include chilling, alternation in pH, the use of competitive microorganisms and alterations in water content (Leistner, 2000) . The basic concept of hurdle technology is to produce an environment that is hostile to the growth of microorganisms. The concept of on-farm hurdles may be extended to include best management practices focused on the exclusion of bacteria from raw milk supplies. The use of "hurdles" to microbial growth is implicit in the primary regulatory document that governs the production of milk in the United States. The Pasteurized Milk Ordinance specifies the standards for production, handling, transportation, processing, testing, and sale of milk (Anonymous, 1999) . This document includes recommendations that are expected to limit microbial contamination of milk and many of the concepts within it can be directly extrapolated to control other food safety risks.
RUEGG E4

PRACTICAL INTERVENTIONS FOR DAIRY FARMS
The North American dairy industry currently produces and markets some of the safest and most nutritious food products in the world. To maintain these standards and adapt to evolving consumer expectations there are a number of practical on-farm management interventions that can be adopted to enhance dairy product food safety.
1. Reduce sources of microbial contamination of milk. Dairy farmers must continue to place hurdles in the way of microbial contamination of milk. Excellent hygienic standards for housing and milking centers and cleanliness of cows result in reduced opportunities for growth and transmission of pathogenic bacteria. Routine assessment of farm hygiene through the use of scoring systems can be used to motivate farmers and to document responses to interventions (such as changes in bedding type or bedding frequency). Udder hygiene scoring charts have been developed (Figure 1 ), and cows with dirtier udders have significantly higher prevalence of infection with mastitis pathogens (Schreiner and Ruegg, 2002, unpublished) . It is highly likely that other microbial contaminants are also associated with dirtier udders and udder hygiene scoring should be used as part of routine quality assurance programs on dairy farms. The source of microbial contamination is often the housing area of the cows. Hygiene scoring systems for animal facilities have been reported but are not routinely used (Barkema et al., 1998) . The amount of manure present in the back of cow stalls, the dirtiness of the milking parlor, and the thickness of bedding can be routinely assessed. Improvements in hygiene scores for facilities and udders can be used as a key indicator of on-farm pathogen reduction programs. Sum of pre-dipping and washing with a sanitizer is >100% because some herds utilize both practices.
SYMPOSIUM: DAIRY FOOD SAFETY INTERVENTIONS E5
2. Uniform adoption of milking practices that reduce contamination of milk. Many farms are currently using hygienic milking practices and the effective use of predipping and forestripping has been shown to enhance milk safety. The use of predipping using iodine has been demonstrated to reduce standard plate counts and coliform counts in raw milk by five-and six-fold, respectively, as compared to other methods of premilking udder preparation (Galton et al., 1986) . The overall reduction of microbial loads in raw milk through the use of predipping should result in reduced numbers of zoonotic pathogens. Predipping has been shown to reduce the risk of Listeria monocytogenes in milk filters by almost four-fold (Hassan et al., 2001 ). The examination of milk before attaching milking units is necessary to ensure that all abnormal milk is diverted from the human food chain and should be a standard food safety practice on ALL farms. Similar to predipping, the use of forestripping has been shown to significantly reduce (2.5 times less likely) the risk of contamination of milk with L. monocytogenes (Hassan et al., 2001) . While both predipping and forestripping are uniformly recommended milking procedures, considerable numbers of herds have abandoned or never adopted these practices. An analysis of 338 written surveys of Wisconsin dairy farmers attending extension meetings (performed in November 1998 through January 1999) indicated that significant proportions of dairy farms were not utilizing either of these procedures (Table 2 ). There is some indication that increased herd sizes and management style can be related to poorer hygienic practices. In the Netherlands, farms having a management style characterized as "quick and dirty" were slightly larger than farms with a management style characterized as "clean and accurate" (Barkema et al., 1999) . Management style was highly associated with bulk tank SCC (BTSCC), as 73% of herds with high BTSCC were managed by farmers classified as "quick and dirty." Industry trends toward reduced premilking cow preparation and increased parlor throughput may result in reductions in hygiene and increased food safety risks. portant human pathogens and the diagnosis of Salmonella spp., or L. monocytogenes in one or more animals should be regarded as an indication that other potentially infected animals are present in the dairy herd. Fecal shedding of these pathogens from asymptomatic animals should be presumed and every effort should be made to identify high-risk animals (calves, sick cows, fresh cows, and designated cull cows). The clinical diagnosis of Salmonellosis in a dairy herd within the previous year has been shown to increase the risk of fecal shedding of Salmonella spp. in asymptomatic animals by 4.6 times (Huston, et al., 2002) . High-risk practices for Salmonella vary by serotype but include the presence of carrier cows, use of recycled flush water, purchase of contaminated feedstuffs, use of contaminated water for irrigation, and access of rendering trucks to animal housing areas (House and Smith, 1992) Campylobacter jejuni is regularly shed from asymptomatic animals and any isolation of the organism on a dairy should be viewed as evidence that the pathogen is a likely fecal contaminant ). Employees should be educated regarding potential occupational risks, and the importance of personal hygiene should be stressed.
4. Perform coliform counts. Coliform counts of raw bulk tank milk can be routinely performed to identify bacteria that originate from fecal contamination of milk. Coliform bacteria can contaminate milk through poor udder preparation or unhygienic handling of the milking machines. Coliform counts should be less than 100 cfu/ml for milk intended to be pasteurized before consumption and less than 10 cfu/ml if raw milk will be consumed. Coliforms can incubate in residual films left on milk contact surfaces such as milking pipelines or equipment. Coliform counts greater than 1000 cfu/ml suggest incubation, and the equipment cleaning process should be investigated. Fecal contamination of milk supplies appears to occur frequently. Coliform counts exceeded 100 cfu/ml for 23.6% of 855 samples of raw milk obtained from bulk milk samples of New York dairy farms (Boor et al., 1998) .
5. Reduced national SCC limits. The US BTSCC regulatory limit of 750,000 cells per milliliter is considerably higher than regulatory limits of similar regions RUEGG E6 such as the European Union (400,000 cells per milliliter) or Canada (500,000 cells per milliliter) (Hillerton, 2001 and MacNaughton, 2001) . Growth of most microorganisms is favored by the presence of organic compounds, moderate or warm temperatures, adequate oxygen, and neutral pH. All of these conditions are present in the modern dairy farm and are most commonly recognized when mastitis problems develop. There is ample evidence that increased prevalence of subclinical mastitis in a dairy herd (as demonstrated by high BTSCC) is indicative of management practices associated with reduced food safety. Monthly BTSCC values were higher in herds where verotoxigenic E. coli and Listeria monocytogenes were cultured from bulk tanks as compared to herds negative for those pathogens (Steele et al., 1997) . Hygienic practices on herds with higher SCC values are generally poorer than hygienic practices on herds with lower SCC values (Barkema et al., 1998) . Milking facilities, cow housing areas, and the udders of cows from herds with higher SCC values have been demonstrated to be dirtier and more soiled with manure than with cows and facilities from herds with lower SCC values (Barkema et al., 1998) . Poor hygienic practices of the milking herd appear to be indicative of an overall lack of hygiene standards. The transmission of potential pathogens to youngstock by feeding milk from infected cows or milk containing antibiotic residues and the use of dirty drinking buckets are additional practices that were found to occur more frequently in herds with higher SCC values than with herds with SCC values of less than 150,000 cells per milliliter (Barkema et al., 1998) . High BTSCC have also been linked to the occurrence of other indicators of poorer milking management. The risk of incurring a violative antibiotic residue is two to seven times higher for herds with BTSCC values above 400,000 cells per milliliter as compared to herds with BTSCC values of less than 250,000 cells per milliliter (Ruegg and Tabone, 2000) . In the United States, BTSCC limits for grade A milk were reduced from 1,500,000 cells per milliliter to 1,000,000 cells per milliliter in 1986 and further reduced to 750,000 cells per milliliter in 1993 (Spomer, 1998) . Compliance with previous reductions in national regulatory limits for BTSCC was rapidly achieved, and it is likely that continued reductions in BTSCC regulatory limits would further improve the image of safety and quality of US dairy products.
6. Market only clean and healthy cull cattle with minimal BCS standards. Microbial contamination of ground beef with pathogens is a news item that merits national attention (Schlosser, 2002) . Market cattle (cull dairy cows) account for approximately 18% of US ground beef and consumers expect the animals to be healthy and free of contaminants (Anonymous, 1996) . Market cattle may represent the greatest risk to the safety and quality image of the dairy industry. Of 413 California dairy farmers that responded to a mail survey, 23 and 71% reported that cow carcasses had been condemned during the five previous years due to antibiotic residue violations or infection and illness, respectively (Payne et al., 1999) . Fifty-seven percent of the responding dairy farms reported they sometimes shipped sick cows rather than treat them. The relatively high proportion of market cattle shedding potentially zoonotic pathogens is evidence of the potential for contamination of meat supplies (Table 1) . Low BCS (<2.5 on a five-point scale) has been used as a predictor of illness in market cattle and it is likely that buyers of the future may reject overly thin cows (Rossiter and Henning, 2001) . Farms should work with their veterinarians to establish culling plans that include realistic treatment plans and standards for minimum BCS.
7. Responsible antimicrobial usage. Antibiotic usage on dairy farms has been blamed for the emergence of antibiotic resistance in human pathogens (Spika et al., 1987; White et al., 2001) . Despite decades of therapeutic and prophylactic usage, there is no evidence that antimicrobial resistance of mastitis pathogens is increasing in a consistent manner (Erskine et al., 2002; Makovec and Ruegg, 2002) . However, the use of subtherapeutic levels of antimicrobial agents in foodproducing animals (such as tetracycline-containing milk replacers) is increasingly scrutinized and will likely require justification for continued use (Angulo and Griffin, 2000) . The vast majority of dairy farms use antibiotics in a responsible fashion. However, surveys of dairy farms consistently indicate the need for improved communication and consultation with local veterinarians in the development of treatment protocols and the use of extra-label products (Table 3 ). All dairy farms should have written treatment plans that have been negotiated with their local veterinarian and are routinely reviewed and updated. The objective of the treatment plan should be to ensure the health and wellbeing of the animals while limiting antibiotic use to justifiable uses. When isolation of bacterial pathogens is possible, susceptibility tests that generate quantitative outcomes (i.e., minimum inhibitory concentrations) should be performed to guide selection of appropriate antibiotics.
IMPLEMENTATION
The universal implementation of these interventions is a major challenge for the complex and highly diverse dairy industry. Virtually all dairy producers must understand the linkage between animal management and the safety and quality of food products. It is unlikely that education alone will motivate dairy farmers to voluntarily adopt practices for which they don't recognize an immediate economic return. In one study, management practices of herd managers familiar with Johnes's disease were similar to management practices used by managers unfamiliar with the disease (Wells and Wagner, 2000) . In an attempt to reduce liability concerns, corporate purchasers of animal-derived products will most likely slowly take steps to identify high-risk practices on source farms and seek out suppliers who can certify the use of lower risk practices. The move toward universal animal ID systems with traceback capability confirm industry interest in this issue. Dairy industry experiences with antibiotic residue violations in bulk milk are evidence of the ability of the industry to rapidly respond to an accurate traceback mechanism.
Since 1994, a sample of milk has been collected from all bulk tanks at the time the milk is loaded. Since adopting this regulation, the number of bulk milk antibiotic violations has fallen by almost 40% (Figure 2 ).
CONCLUSIONS
The North American dairy industry has a long history of marketing safe and nutritious dairy products. Con- sumer concerns about the safety of food products derived from livestock are increasing and food retailers are looking for mechanisms to reduce their liability. The adoption of "hurdles" to microbial contamination of food products and widespread implementation of verifiable risk reduction practices on dairy farms can help to allay consumer fears. Many of the suggested practices are currently used on dairy farms today and further adoption of these practices will help to maintain the generally positive image of our dairy industry.
